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Corneal wound healing studies have a long history and rich literature that describes the data obtained 
over the past 70 years using many different species of animals and methods of injury. These studies have 
lead to reduced suffering and provided clues to treatments that are now helping patients live more 
productive lives. In spite of the progress made, further research is required since blindness and reduced 
quality of life due to corneal scarring still happens. The purpose of this review is to summarize what is 
known about different types of wound and animal models used to study corneal wound healing. The 
subject of corneal wound healing is broad and includes chemical and mechanical wound models. This 
review focuses on mechanical injury models involving debridement and keratectomy wounds to reflect 
the authors' expertise. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Despite the research and efforts made in corneal wound healing 
over the last 70 years, according to the World Health Organization, 
corneal scarring secondary to corneal infection remains a major 
cause of preventable blindness. Corneal scarring caused by 
trachoma is responsible for blindness in 6 million people mostly in 
sub-Saharin Africa and at any one time there are 146 million people 
infected with this parasite (Roodhooft, 2002). The worms invade 
the cornea and scarring results from the immune response of the 
cornea to infection. Unfortunately, after infections are cured with 
anti-helminthics, the cornea remains cloudy and scarred. At pre¬ 
sent, only corneal transplants, which are neither available nor 
affordable in these countries, can restore vision in these patients. 
Therefore, preventative diagnosis and treatments that promote 
resolution of corneal scars are the best options for these patients. In 
developed countries, traumatic corneal abrasions are the leading 
cause of visits to the emergency room (Jackson, 1960; Jones et al„ 


* Bullet statement: This article provides insight into different options for me¬ 
chanically wounding the cornea and guidance for researchers to choose the best 
species, wound type, and wound size to achieve their experimental objectives. 
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1986; Laibson, 2010; Reidy et al., 2000) and can lead to perma¬ 
nent scarring and increase the risk of recurrent epithelial erosions 
(Reidy et al., 2000). Corneal infections due to bacteria (Staphylo¬ 
coccus aureus and Pseudomonas aeruginosa), acanthamoeba, fungi, 
and/or viruses (Herpes simplex, adenovirus, Epstein—Barr, cyto¬ 
megalovirus) also can cause corneal scars that can persist for 
months or years (Bearer et al„ 2000; Chodosh et al., 2000, 1998; 
Dart et al., 2008; Green et al., 2008; Koizumi et al., 2008; 
Sheridan et al., 2009). If those scars are in the central visual axis, 
they will impair the quality of life for these patients. 

The goal of providing better treatments for patients blinded by 
corneal scarring can best be achieved through a more complete 
understanding of corneal biology obtained through utilizing the 
most appropriate in vivo and ex vivo animal models. Numerous 
different wound types and species have been used to gain insight 
into how the cornea heals and there are many choices that need to 
be made once a researcher decides to study corneal wound healing. 
Some models are better for studying corneal scarring and others for 
recurrent erosions and basement membrane defects. The purpose 
of this review is to describe the different types of in vivo mechanical 
corneal injury models and highlight the features that make a given 
species and wound type ideal for specific questions and analyses 
with the goal of minimizing the number of animals used and 
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maximizing acquisition of data relevant to clinicians. While the 
main focus will be on in vivo studies, we will also touch briefly on 
organ culture and in vitro studies performed using cultured pri¬ 
mary cells and cell lines. It is outside the scope of this review to 
discuss the mechanistic insights gained using the techniques we 
describe. Those interested in corneal wound healing mechanisms 
will want to read articles by our colleagues (Bazan, 2005; Fini and 
Stramer, 2005; Klenkler et al., 2007; McLaughlin et al., 2010; 
Sassani et al., 2003; Sosne et al., 2010; Yu et al., 2010). 

2. Variations in wound types 

2.3. Circular debridement wound 

The presence or absence of the basement membrane has 
defined debridement compared to keratectomy wounds. Debride¬ 
ment wounds leave the basement membrane on the stroma 
whereas keratectomy wounds remove it. To preserve the basement 
membrane, a dulled blade held by a blade breaker is used to remove 
the epithelium from within an area marked with a trephine. This 
method was used extensively by Ilene Gipson and her colleagues in 
the early 1980’s to show for the first time that corneal epithelial 
wound healing occurs via sheet —movement (Gipson and Kiorpes, 
1982). They characterized the cytoskeletal components that are 
involved in mediating epithelial cell migration (Gipson et al., 1982) 
and showed differences between dulled blade debridement and 
deeper keratectomy wounds (Fujikawa et al., 1984). Fig. 1 shows the 



Fig. 1 . The mouse cornea can be wounded with a dulled blade or rotating burr 
(Algerbrushll). Typically, a 1.5 mm trephine is used to demarcate a circular area at the 
center of the cornea and the edge of the dulled blade is used to remove epithelial cells. 
The dulled blade is held by a blade breaker. Alternatively, a rotating burr equipped with 
a 0.5 mm burr can be used. After wounding, the epithelial tissue removed can be 
frozen in liquid nitrogen and used for biochemical or molecular analyses. Trephine 
sizes can by varied to create smaller (1.0 mm) or larger (2.0 or 2.5 mm) wounds in the 
mouse. For the rat, 3.0 mm-4.0 mm trephines are used. 


dulled blade and blade breaker and another popular tool used to 
create corneal wounds, the rotating burr, which will be described in 
the next section. The edge of a device called a crescent knife or 
spoon can also be used instead of a dulled blade to create 
debridement wounds. After wounding, the epithelial tissue on the 
tip of the dulled blade can be frozen in liquid nitrogen and the blade 
tip released for subsequent RNA or protein studies making the 
dulled blade a superior choice compared to spoon or crescent knife. 

We confirmed that the basement membrane was left behind 
after dulled blade debridement wounding in mice by performing 
TEM studies (Sta Iglesia and Stepp, 2000). Those studies showed 
that not only the basement membrane but also the basal surface of 
basal cells and the /J4 integrin ectodomain were left behind with 
the basal cells sheered above the plane of the basement membrane. 
Interestingly, debridement wounds made in the rat using the dul¬ 
led blade show that the epitope recognized by a cytoplasmic 
domain directed antibody against /34 integrin is removed (Stepp 
et al., 1993). To confirm the presence or absence of the basement 
membrane after debridement wounds in the mouse and rat, cross 
sections obtained from wounded corneas can be stained with an¬ 
tibodies against laminin 332 and/or type VII collagen. Staining for 
a6/J4 is also informative; the @4 ectodomain is left behind 
embedded in the basement membrane zone (BMZ) whereas the 
cytoplasmic domain may or may not be left behind on the bare 
stroma. We find it most informative to stain whole corneas to avoid 
missing focal sites lacking the BMZ. When focal sites lacking LN332 
and type VII collagen are present, the wound should be considered 
a partial debridement wound. 

Circular debridement wounds are ideal for a number of different 
types of analyses including quantifying re-epithelialization, cell 
proliferation rates, re-innervation, and innate immune responses 
(Table 1 ). A typical study might involve the use of a transgenic or 
tissue specific gene targeted mouse to investigate whether the 
change in protein expression or function impacts corneal wound 
healing. Care needs to be taken before beginning such studies to 
determine whether the unwounded corneas of the genetically 
modified mice are normal using standard histological stains and by 
examining the expression profile of corneal and limbal specific 
proteins. The limbal vasculature, corneal epithelial and stromal 
thickness, resident immune cell numbers and morphology, and cell 
proliferation rates should be compared to the appropriate litter- 
mate or strain-specific controls. If these assessments show signifi¬ 
cant differences in some of these parameters, the wound response 
can still be assessed by comparing wounded corneas against un¬ 
wounded strain matched controls with care taken to assure that 
injury creates the same amount of damage and that the cornea does 
not rupture as it heals. 

In the mouse, debridement wounds re-epithelialize rapidly but 
may also lead to recurrent erosions via mechanisms that involve 
upregulated matrix metalloproteinase-9 (MMP9) within the 
corneal epithelial cells (Pal-Ghosh et al., 2011a). Our data indicate 
that MMP9 degrades a6f}4 integrin within the basal membrane of 
the corneal epithelial basal cell layer adjacent to the erosion and 
sensory nerve reinnervation is disorganized or absent (Pal-Ghosh 
et al., 2011a). While excess MMP9 contributes to erosion forma¬ 
tion, it is critical for efficient corneal wound healing since mice 
lacking MMP9 heal poorly (Mohan et al., 2002). Interestingly, the 
majority of the erosions that arise spontaneously beginning 2 
weeks after injury form not over the central cornea where the 
wound was made but in the nasal quadrant as shown in Fig. 2; this 
suggests that anatomical differences contribute to the sites where 
erosions form. By placing a small suture in the sclera adjacent to the 
limbus in the temporal quadrant after sacrifice and before enucle¬ 
ation, the orientation of each eye can be successfully determined 
(Pajoohesh-Ganji et al., 2006). Clinical data and studies done in rats 
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Table 1 

Types of analyses done using different wound models. 



DB 1.5 mm 

RB 1.5 mm SMK/PRK 1.5 mm 

Tissue paper 

Incisional 

Suture/Pocket Assay 

DB 2.5 mm 

Organ culture 

1.5 mm DB/RB 

E. Cell migration 

+ 

+ 

+ 

- 

- 

- 

+ 

+ 

E. Cell proliferation 

+ 

+ 

+ 

+ 

- 

- 

+ 

+ 

E. Cell differentiation 

— 

- 

— 

— 

- 

+ 

+ 

- 

S. Cell differentiation 

- 

- 

+ 

- 

+ 

+ 

+ 

- 

E. Barrier function 

- 

+ 

+ 

+ 

+ 

- 

+ 

- 

Scarring 

- 

+ 

+ 

- 

+ 

- 

- 

- 

Reinnervation 

+ 

+ 

+ 

+ 

+ 

— 

+ 

- 

Inflammation 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- 

Angiogenesis/Lymphangiogenesis 

- 

- 

- 

- 

+ 

+ 

+ 

- 


DB = dulled blade, RB = rotating burr, SMK/PRK = superficial manual keratectomy/photorefractive keratectomy. 


and rabbits indicate that erosion formation after debridement 
wounds that leave the basement membrane intact are rare; most 
debridement wounds resolve fully in corneas of larger mammals. 
These differences make the mouse a good model to study recurrent 
erosions after simple debridement wounding and are a reminder 
that important differences in corneal wound healing responses 
between species are common. This topic is discussed in more detail 
in a later section. 

The diameter of circular wounds can be varied using different 
size trephines to demarcate the area within which tissue is 
removed. Trephines are very sharp and are designed to penetrate 
tissues. To prevent penetrating the stroma when demarcating the 
wound site to make debridement wounds, trephines need to be 
dulled on an Arkansas stone or similar tool with care taken to dull 
the device uniformly. Wounds larger than 2 mm in the mouse 
induce morphological changes within the corneal epithelial cells 
that are similar to those seen in corneal stem cell deficiency 2—4 
weeks after injury (Pal-Ghosh et al., 2004). Limbal epithelial cell 
keratins begin to be expressed by epithelial cells covering the 
cornea, goblet cells appear, and the cornea becomes vascularized 
(Pajoohesh-Ganji et al., 2012). Regardless of the device used to 


create the wound (dulled blade or rotating burr), erosions will 
develop once goblet cells are resident on the cornea. Fig. 2 also 
shows the anatomical distribution of erosions after large wounds 
that induce goblet cells on the central cornea. 

In the mouse, 1.5 mm size debridement wounds are commonly 
used and do not induce differentiation or morphological changes in 
the corneal epithelial cells. By 24 h, this size debridement wound 
made in an adult wild-type mouse is closed. Within hours after 
wounding, resident leukocytes become activated and recruited 
leukocytes enter the stroma from the limbal vasculature (Byeseda 
et al., 2009; Li et al., 2011a, 2011b, 2006; Petrescu et al., 2007). 
Larger, poorly centered wounds induce a more robust immune 
response since more leukocytes are recruited into the cornea when 
wounds are closer to the limbus. Failure to center the wound adds 
variability to the results obtained. In order to assess reepitheliali- 
zation rates, a number of time points between 3 and 24 h are 
required after 1.5 mm wounds. 

In the rabbit the typical wound size used is 5 or 6 mm; in the rat, 
it is 3 mm. Despite the larger size, a 3 mm rat debridement wound 
closes within 24 h which is the same time frame seen for wound 
closure after a 1.5 mm wound to the mouse cornea (Stepp et al., 


1.5 mm 2.5/nm 

*3 ^rnMm 


Ohr 18hr 4wk 


Ohr 18hr 4wk 


1.5 

2.5 


nasal superior temporal inferior center healed 



Fig. 2. After 1.5 and 2.5 mm debridement wounds made using the dulled blade, the mouse cornea spontaneously develops erosions most often located in the nasal quadrant. The 
images on top show mouse corneas with either 1.5 or 2.5 mm debridement wounds stained with the vital dye Richardson stain immediately after wounding or after being allowed 
to heal for 18 h or 4 weeks. Note that wounds close rapidly after both wound types and small erosions are present 4 weeks after wounding. To determine the sites where erosions 
are most likely to form, the corneas of BALB/c mice were wounded and allowed to heal for 4 weeks. At the time of sacrifice, eyes were stained with Richardson stain to reveal 
exposed basement membrane and the locations of the erosions determined by quadrant. Corneas lacking erosions are considered as healed. Although there was a greater tendancy 
after large wounds for erosions to be in the center compared to small wounds, more erosions were present at the nasal quadrant of the cornea after 1.5 and 2.5 mm wounds. 
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1993). When harvesting epithelial tissue after migration in 
response to a 3 mm central debridement injury in the rat, the 
trephine can be repositioned and the epithelial cells that have 
migrated into the wound site harvested. In the mouse, this is not 
possible because of its small corneal size; instead, limbal to limbal 
debridement using a dulled blade is performed for biochemical and 
gene expression studies at various time points. Thus, differences in 
protein or RNA expression in actively migrating cells can be more 
readily demonstrated in the rat. 

In 1944, Friedenwald and Buschke inhibited proliferation during 
the healing of small wounds in the rat cornea and showed that it 
did not delay closure rates (Friedenwald and Buschke, 1944). 
Likewise in the mouse, as long as wounds leave 60—70% of the 
epithelium intact, the corneal epithelial cells do not divide at 
significantly higher rates until after re-epithelialization (Stepp 
et al„ 2002). Although cell proliferation rates increase after larger 
wounds that remove more of the epithelium, proliferating cells are 
generally located behind the leading edge. Re-epithelialization 
occurs via sheet-movement that involves dramatic changes in cell 
shape (Gipson et al., 1984; Zhao et al., 1996). These changes place 
significant forces on celkcell and cell:substrate adhesions as the 
sheet slides over the exposed wound bed (Theveneau and Mayor, 
2013). The leading edge is often only 1—2 cell layers thick and 
hemidesmosomes are disassembled during migration. When 
epithelial cells within a sheet divide, the number of desmosomes 
between cells is reduced (Baker and Garrod, 1993; Simpson et al., 
2011). Delaying cell proliferation until after sheet-movement is 
complete we hypothesize helps maintain sheet integrity during 
migration. 

While circular corneal debridement wounding is ideal for short 
term studies of cell migration rate and recurrent erosions in mice, 
other types of wounds are better suited for studies of epithelial 
barrier re-formation and corneal haze as discussed below. Recur¬ 
rent erosions occur frequently beginning 2—4 weeks after 
debridement wounds in mice (Pal-Ghosh et al., 2011a). As a result, 
the ability of the corneal epithelium to function as a barrier is 
disrupted. Debridement wounds do not activate expression of 
aSMA in stromal fibroblasts in the mouse (Hutcheon et al., 2005). 
Deeper wounds that disrupt the basement membrane, such as 
keratectomy and full thickness incisions must be used to assess 
myofibroblast formation. 

2.2. Rotating burr circular wounds 

Most reports on mechanical corneal wounding done in mice, 
rats, and rabbits, use a rotating burr (Algerbrushll), shown in Fig. 1, 
to create wounds (Chinnery et al„ 2012; Ferrington et al„ 2013; Pal- 
Ghosh et al., 2011a; Terai et al., 2011; Yang et al., 2013). This tool is 
similar to the diamond burr used frequently in the clinic to clean up 
the area surrounding a cornea abrasion and/or to remove surface 
irregularities at wound sites (Ramamurthi et al., 2006; Sridhar 
et al., 2002). Although it is user friendly and carries little risk of 
rupturing the cornea, there is disagreement regarding whether it 
removes the basement membrane. In the mouse cornea, in our 
hands, the rotating burr removes most of the basement membrane 
(Pal-Ghosh et al., 2011b). Fig. 3 compares the localization of LN332 
and type VII collagen after debridement and rotating burr wounds 
in the mouse and rat corneas. Dulled blade debridement wounds to 
the mouse and rat leave the basement membrane behind. The 
rotating burr completely removes the BMZ at the center of the 
mouse cornea but only partially removes it in the center of the rat 
cornea; some regions appear denuded of the BMZ completely but 
others show it remaining. Using cross sections, others have shown 
an intact basement membrane in the mouse after use of the 
rotating burr (Boote et al., 2012). Factors such as the rotational 


speed of the burr, the force applied to the corneal surface, the angle 
of the burr relative to the ocular surface, and the residence time of 
the burr on the cornea all impact the removal of the basement 
membrane. 

Because the rotating burr can remove the basement membrane 
in the mouse, it can be used to study the de novo reformation of the 
basement membrane after wounding. We have compared the 
thickness of the mouse stroma in corneas fixed immediately after 
dulled blade and rotating burr injuries and found that the differ¬ 
ence was less than 1 /im (Pal-Ghosh et al., 2011b). Dulled blade 
wounds are superior to rotating burr if a study is designed to 
evaluate short-term responses, such as rate of re-epithelialization. 
This is because the rotating burr makes it hard to remove the 
epithelial cells at the edges of the wound adjacent to the trephine 
site without inadvertently enlarging the wound. Cells pushed aside 
by the burr will cover the wound site once the mouse resumes 
blinking which makes it difficult to determine the wound size. If a 
study involves long-term healing over several weeks, the rotating 
burr results in superior wound resolution. Neither the dulled blade 
nor the rotating burr allows for the assessment of corneal scarring 
in mice. 

2.3. Manual superficial keratectomy and photorefractive 
keratectomy wounds 

The manual superficial keratectomy (MSK) has been the wound 
type of choice to study corneal scarring. Clinically oriented scien¬ 
tists use the excimer laser to generate photorefractive keratectomy 
wounds (PRK) in rabbits, rats, and mice (Azar et al., 1998; Kato et al., 
2003; Mohan et al., 2008; Singh et al., 2011). To create an MSK, a 
sharp trephine is rotated with slightly greater pressure applied to 
the cornea in order to penetrate the superficial anterior stroma. A 
sharp jeweler’s forceps is used to remove a corneal button that can 
be frozen and used for RNA or biochemical analyses. This type of 
wound is made possible by the lamellar structure of the corneal 
stromal matrix. A limitation of this procedure is the variable depth 
of the injury during trephination. The trephine used for MSK 
wounds can not be the same as those used for debridement wounds 
since the latter require a dulled trephine to prevent stromal injury. 
Due to the thinness of the mouse cornea, MSK wounds can be 
difficult to create and the risk of rupturing the cornea is higher than 
debridement wounds. However, with practice, the procedure is 
reproducible and has been used successfully to study mouse 
corneal wound healing (Blanco-Mezquita et al., 2011). To reduce 
variability at the time of injury, researchers can perform PRK using 
the excimer laser; ablated tissues will not be available for subse¬ 
quent analysis after PRK. Results for the two approaches are 
believed to be similar. 

The wound healing that occurs after MSK or PRK includes re- 
epithelialization, basement membrane reassembly, re¬ 
innervation, and corneal scarring. The aSMA positive cells that 
are generated by these types of wounds are generally transient. 
They remain for several weeks before disappearing (Netto et al., 
2005; Ruberti and Zieske, 2008). While scars generated by MSK 
and PRK can remain for months, recent studies (see below) suggest 
that these models may not be as useful to study the types of chronic 
scars that can lead to blindness in patients as incisional wounds. 

2.4. Incisional wounds 

Incisional wounds can also be studied using the cornea 
(Blanco-Mezquita et al., 2013; Kato et al., 2003; Saika et al., 2013; 
Stramer et al., 2003; Vij et al., 2005). This type of wound models 
the corneal wound healing response to incisions made during 
surgeries performed on the cornea (refractive surgery and corneal 
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A. mouse 

P4 integrin/DAPI LN332/DAPI Col7/DAPI 



B4 integrin/DAPI LN332/DAPI Col7/DAPI 





Col7/DAPI 



Fig. 3. Rotating-burr wounds remove basement membrane components LN332 and type Vll collagen at the center of the wounded mouse cornea but leave patches of both proteins 
behind on the rat cornea. Representative images show the status of the BMZ immediately after dulled blade and rotating burr wounds in the mouse (A) and rat (B). On the right are 
en face 63x images of the regions indicated by the asterisks on the 20x (mouse) or lOx (rat) images shown on the left to highlight the localization of two basement membrane 
components, LN332 and type Vll collagen, shown in green and nuclei stained with DAPI shown in blue. For the mouse, the en face 63x confocal images were merged images 
obtained from 18 confocal layers taken at 1 mm intervals; CS (cross sectional) images are 3D reconstructions obtained by rotating 18 layers at a 90° angle. For the rat, the en face 
confocal images were merged images obtained from 40 confocal layers taken at 1 mm intervals; CS images are 3D reconstructions obtained by rotating 40 layers at a 90° angle to 
obtain cross sections. Note the presence of an intact basement membrane after dulled-blade wounding in both mouse and rat corneas and its disappearance in the mouse and 
disruption in the rat after rotating-burr wounding. The mouse data shown above were taken from Pal-Ghosh et al., 2011b; the rat data were generated using the same methods and 
antibodies. WE = wound edge; ES = exposed stroma. Bar in 20x image = 50 pm; Bar in lOx image = 100 pm; and bar in 63x image = 7 pm. 


transplants) including procedures where access to the lens and 
retina is obtained by incisions through the peripheral cornea near 
the limbus. Incisional wounds induce myofibroblasts and corneal 
scarring. The myofibroblasts induced by incisional wounds remain 
over time; this distinguishes them from the myofibroblasts that 
form after manual keratectomy wounds. A 1.5 mm trephine is 
used to define the length of the incision and a central 1.5 mm 


nasal-temporal orientated full-thickness penetrating incision is 
created in the center of the cornea with a sharp surgical blade. 
Prior to injury, atropine is instilled to make sure that the iris is not 
inadvertently injured. Failure to use atropine results in the iris 
sticking to the posterior cornea; pigmented cells from the iris then 
migrate into the wound site and complicate assessment of myo¬ 
fibroblasts and scarring (Blanco-Mezquita et al., 2013). This model 
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can be used to assess re-epithelialization and barrier reformation 
but is generally used when studying stromal activation in 
response to injury. 

2.5. Pocket assays and suture wounds 

The corneal pocket assay can be used to study angiogenesis in 
wild-type and genetically engineered mice. A partial thickness 
incision is made at a given distance from the limbus and a small 
pellet containing a growth factor like VEGF or FGF is inserted under 
the epithelium within the stroma (Kojirna et al., 2007b). Deletions 
or mutations in specific receptors will prevent or reduce angio¬ 
genesis in response to a given growth factor. Uniform placement of 
the pocket at a standard distance from the limbus is critical for 
these studies to be successful. Pellets soaked in an inert protein are 
used to control for increased angiogenesis due to the incision. 

Alternatively, sutures can be placed in the central cornea. This 
also induces an immune response and leads to an induction of 
angiogenesis (Amescua et al., 2008; Dana and Streilein, 1996). Mice 
with defects in their ability to induce angiogenesis or an immune 
response will have fewer and/or smaller blood vessels induced in 
the cornea. The amount of suture material in each suture can be 
varied; a more robust response is induced if there are more knots in 
the suture. This technique is used to study corneal transplant 
rejection (Dana and Streilein, 1996). Sutures are placed in the 
central cornea and new vessels are recruited into the cornea. Two 
weeks later, these corneas serve as hosts for corneal transplants 
from donor mouse corneal buttons. The presence of blood vessels in 
the peripheral cornea of the host increases the risk that the donor 
corneal button will be rejected (Dana and Streilein, 1996). Whether 
a pellet with a growth factor or a suture is placed in the cornea, 
blood vessels will begin migrating from the limbus into the corneal 
stroma beginning 1—2 days after the procedure; these studies 
generally last 7—14 days. After sacrifice, blood vessels on the whole 
corneas are stained using vascular endothelial cell surface markers 
and the size and number of vessels present inside the limbal arcade 
are measured using Image J. Data are generally expressed as a 
percent of the total corneal area occupied by blood vessels (Chung 
et al., 2009; Kojirna et al., 2007a; Singh et al., 2006). 

2.6. Filter paper or impression injury 

When a filter paper is applied to the ocular surface, superficial 
cells are removed and the barrier is disrupted. This method, called 
impression cytology, has been used for diagnosing corneal stem cell 
deficiency (Calonge et al., 2004; Singh et al„ 2005). Chemical in¬ 
juries to the eye have been studied for many years using filter pa¬ 
pers to deliver chemicals to the cornea. These studies provide 
insight and have improved treatment for patients whose corneas 
have been injured by chemicals (Fish and Davidson, 2010; Javadi 
et al., 2005; Khaw et al., 2004; Saika, 2007; Sosne et al., 2002). In 
addition, studies are now being carried out to better understand 
and treat the corneal pathology seen in response to nerve gas 
treatment (Gordon et al., 2010; McNutt et al., 2012). The most 
frequently used model to study the corneas response to chemical 
injury involves soaking circular filters in 0.15M NaOH (Bargagna- 
Mohan et al., 2012; Lee et al., 2013). Alkali wounds induce a rapid 
and intense immune response. Pressing a dry filter paper on the 
cornea creates injuries equivalent to tape-striping injuries studied 
in skin wound healing (Stepp et al., 2002). Superficial cells are 
removed from the epithelium; basal cells are left alive on the 
basement membrane. The cornea will respond by increasing 
epithelial cell proliferation and the synthesis of proteins needed to 
assemble new functional tight junctions at the apical aspect of the 
corneal epithelium. This method could be used to study the ability 


of the epithelium to reform an intact epithelial barrier by assessing 
penetration of the stroma using topically applied fluorescein or 
Rose-Bengal stain (Argueso et al., 2009; Reichl et al., 2004; Sasaki 
et al., 1999). Filter paper injury could also be useful on the cor¬ 
neas of transgenic mice with thin, fragile corneas that cannot be 
safely injured by debridement. It is always useful to evaluate the 
extent of the injury right after any procedure on the genetically- 
modified mouse cornea. Fragile, thin corneas may sustain more 
serious injuries initially which can lead to delayed barrier refor¬ 
mation secondary to a greater initial wound defect. 

3. Ex vivo experimental options 

3.3. Organ culture studies 

The use of organ culture to study corneal responses to drugs and 
various injuries has significantly reduced the number of procedures 
performed on live animals. Organ culture studies have generated 
insight into the basic science aspects of epithelial cell migration 
(Gipson and Keezer, 1982; Gipson et al., 1982; Trinkaus-Randall and 
Gipson, 1984; Zieske and Gipson, 1986) and have allowed investi¬ 
gation of the impact of addition of signaling and growth factors 
(Carrington and Boulton, 2005; Ma et al., 2011), drugs (Yamada 
et al., 2004), bacteria (Spurr-Michaud et al., 1988; Wagoner et al., 
1984), and cells (Wagoner et al., 1984) on re-epithelialization of 
corneal debridement wounds. Building on the solid background of 
research done using organ cultures, an in vitro organ culture system 
was recently described to study corneal scarring using donor hu¬ 
man corneas (Janin-Manificat et al., 2012). Much attention has been 
given to optimizing conditions to allow using primate and human 
corneas in organ culture models (He et al., 2010; Janin-Manificat 
et al., 2012; Saghizadeh et al., 2010). The cornea derives its nutri¬ 
ents primarily from the aqueous humor that contains low levels of 
serum-derived proteins and growth factors. The media used for 
organ culture studies include those that have defined components 
and are serum—free, or have reduced serum (Stepp et al., 1993; 
Zheng et al., 2013; He et al., 2010; Pipparelli et al., 2013; 
Saghizadeh et al., 2010, 2011) although some groups use 8% FCS 
in their media (Kryczka et al., 2012). Most protocols maintain cor¬ 
neas at an air-liquid interface which is achieved by maintaining the 
height of the media in the dish at the limbal border and gently 
rocking it so that media intermittently moistens the surface of the 
cornea. 

During the storage of corneas to be used for transplantation, 
endothelial cell density has been found to decrease over time 
(Frueh and Bohnke, 2000; Lindstrom et al., 1992). Recent exciting 
studies on the ability of a Rho-associated protein kinase (ROCK) 
inhibitor to reduce corneal endothelial cell loss in stored corneas 
have renewed interest in corneal organ culture studies (Hirata- 
Tominaga et al., 2013; Nejepinska et al., 2010; Pipparelli et al., 
2013). Growth factors, function blocking antibodies, and various 
activators and inhibitors can be added to organ cultures to assess 
their impact on cell migration, proliferation, and/or scarring. 
Transfection studies, using human corneas, have been performed in 
organ culture for times up to several weeks (He et al., 2010; Jessup 
et al., 2005; Saghizadeh et al„ 2010, 2011). 

Rat, rabbit, porcine, and human corneas from eye banks are 
most commonly used for studies of corneal wound healing using 
organ cultures, (Notara et al., 2011; Yin and Yu, 2010). Since porcine 
skin is often used for studies of skin wound healing (Lademann 
et al., 2011; Sullivan et al., 2001; Vukelic et al., 2011), using their 
corneas allows scientist to confirm that results obtained studying 
skin wounds are relevant to the cornea. Typical sizes for the circular 
wounds for rabbit, porcine, and human corneas in organ culture are 
5 or 6 mm although sizes up to 8.5 mm can be used. Although the 
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size of the mouse eye makes it difficult to perform organ culture 
studies, evaluating the rate of re-epithelialization after debride¬ 
ment, rotating burr, PRK, or MSK wounding can still be done in 
organ culture over a 24—48 h time frame. Corneas are wounded 
after sacrifice and prior to enucleation and then dissected leaving a 
limbal rim. After dissection, corneas are inverted to form a cup and 
an agar- or collagen-containing media is added to maintain the 
curvature of the cornea. Corneas are then inverted again so the gel 
is in contact with the culture dish, media is added, and cultured 
corneas are maintained at an air-liquid interface (Zheng et al., 
2013). Because of its small size, for short term mouse organ cul¬ 
ture studies, the intact eye can be incubated in media without 
dissecting the cornea (Singh et al., 2009). However, with practice, 
the same method used for large corneas can be adapted success¬ 
fully to the mouse. 

Enucleating the eye cuts the nerves and the blood and lymphatic 
vessels that project towards the cornea and encircle the limbus. The 
sensory nerves that innervate the cornea come primarily from the 
trigeminal ganglia (Muller et al., 2003). The nerve fibers (axons) in 
the cornea begin to disassemble when placed in organ culture 
(Stepp et al., 1993). Fig. 4 shows images of unwounded mouse 
corneas fixed immediately after sacrifice or at 1, 3, and 6 h after 
being placed in organ culture stained to show neuron specific class 
HI /3-tubulin and keratin-8. In the center of the cornea fixed 
immediately after sacrifice (Fig. 4), note the high density of fine 
varicose fibers and the swirling pattern of the sub-basal nerves that 


terminate at the center of the cornea. The K8+ clusters shown in Fig 
4B define the border between cornea and limbus (Pajoohesh-Ganji 
et al., 2012). At the corneal periphery, bundles or leashes of fibers 
emerge from the thicker nerve bundles that circle the corneal pe¬ 
riphery and radiate towards the center of the cornea. Within 1 h of 
placement in organ culture, thinner sub-basal nerve fibers at the 
corneal center and periphery begin to disappear (Fig. 4C and D) and 
by 3 h nerves are missing at some sites (Fig. 4E and F). By 6 h 
(Fig. 4G and H), the sub-basal nerves and some larger nerves at the 
periphery are difficult to detect. 

If sensory nerves regulate an event being studied, then aspects 
of corneal wound healing seen in organ culture will not recapitulate 
what takes place in vivo. Yet, we know that re-epithelialization 
takes place in organ culture over a similar time frame as it does 
in vivo. Therefore, we can conclude that sheet-movement takes 
place in the absence of functional sensory nerves (Trinkaus-Randall 
and Gipson, 1984; Zieske and Gipson, 1986). Transient denervation 
of the cornea can occur in response to neurological trauma such as 
stroke and after LASIK procedures and can result in neurotrophic 
keratitis. The organ-cultured cornea could be used to study the 
impact of denervation on corneal epithelial cell biology. 

Recent studies by Saghizadeh et al. (2011) have helped to 
improve confidence in the ability to draw meaningful conclusions 
from organ culture studies. They showed that abnormal localiza¬ 
tion of stem cell markers in human diabetic corneas can be reverted 
by overexpressing c-met. Based on these studies, and the fact that 
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Fig. 4. Sub-basal nerves and deeper stromal nerves become disassembled within hours after enucleation in organ culture. Shown here are whole mount confocal images obtained 
after staining mouse corneas with the class III ^tubulin antibody (Tujl) in red and keratin-8 in green with the central cornea shown above and the limbal region shown below. I<8+ 
goblet cells define the corneaklimbal junction (Pajoohesh-Ganji et al., 2012). Corneas were either fixed immediately after sacrifice (0 h) or placed in organ culture for 1, 3, or 6 h 
prior to fixing and staining. A minimum of 3 corneas each was used for these studies and the method and antibodies used for these studies have been described (Pal-Ghosh et al., 
2011b). The sub-basal nerves form distinct swirling patterns and appear beaded and varicose. The sites indicated by the white asterisks have been digitally magnified 4-fold and are 
shown below the low magnification images. The thinnest nerve fibers become less distinct 1 and 3 h after corneas are placed in organ culture. By 6 h the sub-basal nerves are barely 
detected in the central cornea and only the larger nerves can be seen at the limbus. Bar = 20 /im. 
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using organ cultures reduces the use of living animals, expanding 
our use of organ cultures for corneal wound healing studies can be 
justified. Studies involving co-culture with trigeminal ganglial cells 
and organ cultured corneas could pave the way for an improved 
understanding of the factors that delay and prevent reinnervation 
not only in the cornea but throughout the peripheral nervous 
system. 

Another difference in organ cultured corneas is the lack of a 
functional vascular system at the limbus. The blood vessels that 
carry blood to the limbus and the lymphatic vessels that function to 
remove excess fluid from the stroma are located at the limbal rim, 
which is left intact when corneas are placed in organ culture. 
Although these structures are present in organ cultured corneas, 
they no longer have fluid flowing through them. In vivo, recruited 
immune cells play important roles in mediating corneal wound 
healing responses. While organ cultured corneas have numerous 
different classes of resident leukocytes, whether they respond to 
injury in a similar manner in organ culture as they do in vivo is not 
clear. Long term studies lasting several weeks and involving events 
in the stroma could well be affected by changes in the limbal 
vasculature in vitro. 

3.2. In vitro cell culture 

In order to sort out specific mechanisms suggested by in vivo 
studies, an in vitro model is often needed. Both 2D (cells grown on 
uncoated or ECM coated tissue culture plastic or cells grown on 
feeder layers) and 3D (cells growing within gels and/or bio¬ 
engineered scaffolds) culture models have been adapted and used 
for studies of corneal wound healing. 3D cultures are newer, more 
expensive, and more difficult to manipulate: much more research 
has been done using 2D cultures. Investigators have used corneal 
stromal cells derived from a variety of species for these types of 
studies (Dreier et al., 2013; Kim et al„ 2010; Lakshman and Petroll, 
2012; Micera et al., 2006; Yanez-Soto et al., 2013). 

Corneal epithelial cells have generally been studied in 2D cul¬ 
tures. Discarded limbal rims from corneal transplants or eye banks 
are often a source for primary human corneal epithelial cells (de 
Paiva et al., 2005; Kahn et al., 1993; Kim et al., 2012; Nakamura 
et al., 2004). Rabbit (Cha et al., 2004; Fini and Girard, 1990), rat 
(Boesch et al., 1996; Marshall and Hanrahan, 1991), and mouse 
(Kawakita et al., 2004; Li et al., 2010) primary corneal epithelial 
cells have also been generated and used successfully. Due to its 
small size, it is more difficult to generate primary corneal epithelial 
cells from the mouse. While primary cell cultures derived from the 
mouse and rat cornea have been generated by numerous groups, 
their properties remain poorly understood compared to those of 
primary human corneal epithelial cells and mouse epidermal ker- 
atinocytes. Primary corneal epithelial cells include stem-like cells 
from the limbal basal epithelium and corneal epithelial cells 
derived from the basal epithelial cell layer. Because corneal 
epithelial cells differentiate over time in vitro, limbal basal derived 
cells become the major cell type present over several days in cul¬ 
ture. Due to the variability present in primary corneal epithelial cell 
cultures and the fact that they can only be maintained for several 
population doublings, corneal epithelial cell lines are popular for 
in vitro studies of corneal epithelial cells. 

There are numerous human corneal epithelial cell lines that 
have been described but three are used more frequently than 
others: 1) SV40 transfected (Araki-Sasaki et al., 1995), 2) HCLE 
(Gipson et al., 2003), and 3) hTCEpi (Robertson et al., 2005). Both 
HCLE and hTCEpi lines were generated using telomerase trans¬ 
fection. To our knowledge, there have been no studies directly 
comparing the three different cell lines. When possible, data ob¬ 
tained using cell lines should be confirmed using primary cells. 


Telomerase and SV40 both allow cells to grow for prolonged times 
in culture and cell lines derived using these approaches have many 
properties similar to primary cells such as Ca 2+ mobilization, cell 
adhesion, and migration. However, the regulation of their prolif¬ 
eration and differentiation are altered by transformation. The ad¬ 
vantages of cell lines are the lower cost and their ability to give 
more reproducible results than primary cells. To our knowledge, 
there are no well-characterized cell lines for the rat or mouse 
corneal epithelium. 

Since corneal stromal cells normally exist within a 3D matrix, 3D 
cultures where cells are studied while growing within a collagen- 
based matrix are considered preferable for experiments involving 
stromal cells (Kim et al., 2010; Lakshman and Petroll, 2012). These 
cultures have been used to study the ability of cells to migrate 
within a 3D matrix (Lakshman and Petroll, 2012). With the right 
imaging system, excellent data can be obtained using 3D cell cul¬ 
tures. Because proteins extracted from cells in 3D culture are 
contaminated with proteins from the collagen gels they are sus¬ 
pended in, performing biochemical studies are more challenging. 

Corneal stromal cells are derived from the corneal stroma 
following collagenase digestion and are often used after 2-3 pas¬ 
sages. One popular method used to study quiescent corneal stromal 
cells involves growing the cells in serum free defined medium in 
order to maintain a dendritic phenotype similar to keratocytes 
in vivo (Beales et al„ 1999; Jester et al., 1994). Because resident 
leukocytes also adhere and have similar phenotypes, these cultures 
are likely a mixture of keratocytes and different classes of resident 
immune cells. Passaging these stromal cells generates a more ho¬ 
mogeneous cell population but induces a phenotype similar to that 
of a fibroblast or activated myofibroblast. Corneal stromal cells are 
initially aSMA negative but they rapidly acquire aSMA expression 
in vitro when grown under proliferating conditions (Bernstein 
et al., 2007; Jester et al., 1995; Masur et al., 1996) 

Success has also been achieved using heterotypical 3D cell cul¬ 
ture models that incorporate several different cell types into a 
single construct. In 1994, one of the first 3D organotypic cell culture 
systems was described which incorporated the three major corneal 
cell types: endothelial cells, fibroblasts, and epithelial cells (Zieske 
et al., 1994). Building on those observations, 3D culture systems 
have been developed involving bioengineered scaffolds, to gain 
insight into collagen biosynthesis and scarring (Dreier et al., 2013; 
Karamichos et al., 2010; Ren et al., 2008; Ruberti and Zieske, 2008; 
Saeidi et al., 2012; Yanez-Soto et al., 2013). Other groups have used 
these types of models to study corneal stem cells (Papini et al., 
2005). The ultimate objective for some researchers is to develop 
an artificial cornea that could be used for transplantation (Polisetti 
et al., 2013). 

Table 1 summarizes the above discussion by listing analyses best 
suited for the different types of mechanical injury models 
described. 


3.3. Animal species for in vivo studies 

Corneal wound healing research has made use of several ver¬ 
tebrates, including the chicken, rat, rabbit, mouse, dog, and cat, 
recognizing that each has pros and cons. The research done thus far 
on the corneas in lower vertebrates including xenopus and zebra- 
fish has primarily focused on corneal and anterior segment devel¬ 
opment. In the 1960’s, it was found that the Xenopus cornea can 
regenerate the lens (Freeman, 1963; Overton, 1965) and this 
developmental event is still being studied today (Day and Beck, 
2011; Fukui and Henry, 2011; Hu et al., 2013). The main drawback 
of using Xenopus to study the adult cornea is that it takes several 
months for the tadpole cornea to mature to the adult stage. 
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Studying the factors that mediate the ability of corneal epithelial 
cells to differentiate into other cell types will give us insight into 
corneal pathologies that involve changes in cell differentiation such 
as corneal stem cell deficiency. In 2006, a paper describing the 
development and structure of the zebrafish cornea was published 
(Zhao et al., 2006). By inserting genes for proteins mutated in 
various corneal dystrophies into the zebrafish genome, the roles of 
these proteins in normal development and the mechanisms un¬ 
derlying the structural changes taking place in the corneas of pa¬ 
tients with corneal dystrophies are being revealed (Bibliowicz et al., 
2011; Boisset et al., 2008). Zebrafish have also provided insight into 
how the cornea’s anti-angiogenic privilege is maintained (Norrby, 
2006). While no corneal epithelial wound healing studies have 
yet been published using zebrafish, a report has appeared involving 
studies of corneal endothelial proliferation (Heur et al., 2013). Ad¬ 
vantages of zebrafish for studies of the cornea are the relatively low 
cost, the speed with which genetic studies can be performed, and 
the rapid maturation of the immature zebrafish to an adult. Tables 2 
and 3 list a number of important studies published using different 
species of animals with the studies categorized by their major 
focus. Table 2 focuses on different vertebrate models excluding 
mice and Table 3 focuses exclusively on mice. The discussion that 
follows is intended as a broad overview of this topic. 


Table 2 

Corneal studies performed using vertebrate animals excluding mice. 


Animal 

Subject 

Publications cited 

Frog 

Development 

Day and Beck, 2011; Freeman, 1963; Fukui and 
Henry, 2011; Hu et al., 2013; Overton, 1965 

Zebrafish 

Development 

Bibliowicz et al., 2011; Zhao et al., 2006; Boisset 
et al., 2008; Heur et al., 2013 


Angiogenesis 

Norrby, 2006 

Chicken 

Development 

Bard and Hay, 1975; Dodson and Hay, 1974; 
Kubilus and Linsenmayer, 2010a; Kubilus and 
Linsenmayer, 2010b; Schwend et al., 2012; 
Svoboda et al., 1988; Trelstad, 1973 


Cell/Organ Culture 

Conrad, 1970; Conrad et al., 1977; Meier and 

Hay, 1974 

Rats 

Wound Healing 

Friedenwald and Buschke, 1944; Gipson et al., 
1993; Hutcheon et al., 2005; Murakami et al., 
1992; Stepp et al., 1993; Zieske and Gipson, 

1986 


Cell/Organ Culture 

Boesch et al., 1996; Gipson and Kiorpes, 1982; 
Spurr-Michaud et al., 1988; Trinkaus-Randall 
and Gipson, 1984; Wagoner et al., 1984 


Diabetes 

Azar et al., 1992; Friend et al., 1982; Xu and Yu, 
2011 

Rabbits 

Scarring 

Imanishi et al., 2000; Netto et al., 2006; Tandon 
et al., 2013; Wilson, 2002 


Cell/Organ Culture 

Cha et al., 2004; Fini and Girard, 1990; Jester 
et al., 1995; Kim et al., 2010; Lakshman and 
Petroll, 2012; Masur et al., 1996; Zheng et al., 
2013 


Wound Healing 

Fujikawa et al., 1984; Helena et al., 1998; 

Mohan et al., 2003; Mohan et al., 2013; 
Munnerlyn et al., 1988; Pallikaris et al., 1990; 
Yamada et al., 2004 

Dogs 

Dry Eye 

Acheampong et al., 1999; Morgan and Abrams, 
1991; Stern et al., 1998 


Wound Healing 

Bentley et al., 2001; Gosling et al., 2013; 

Murphy et al., 2001 

Cats 

Scarring 

Huxlin et al., 2013 


Infection 

Gould, 2011; Kaye and Choudhary, 2006 


Wound Healing 

Buhren et al., 2009; Huang et al., 1989; Jester 
et al., 1994; Nagy et al., 2007; Petroll et al., 

1999; Rotatori et al., 1994 


Table 3 

Corneal studies performed using mice. 


Subject Publications cited 


Strain 

Angiogenesis 

Scarring 

Anterior Segment 
Development 
Differentiation 

Inflammation 

Wound Healing 


Chang et al., 2013; Pal-Ghosh et al., 2008; Singh et al.. 2013; 
Taketo et al., 1991 

Amescua et al., 2008; Chung et al., 2009; Dana and Streilein, 
1996; Kojima et al., 2007a; Kojima et al., 2007b 
Bargagna-Mohan et at, 2012; Blanco-Mezquita et at, 2013; 
Singh et at, 2011 

Chikama et at, 2005; Chikama et at, 2008; Hayashi et at, 
2005; Kao, 2006; Xie et at, 1999; Xu et at, 2007 
Argueso et at, 2009; Hirata-Tominaga et at, 2013; Kao et at, 
1996; Kawakita et at, 2004; Li et at, 2010;; Lu et at, 2006 
Byeseda et at, 2009; Chinnery et at, 2012; Li et at, 2006; Li 
et at, 2011a; Li et at, 2011b; Petrescu et at, 2007 
Blanco-Mezquita et at, 2011; Boote et at, 2012; Ferrington 
et at, 2013; Gipson et at, 1993; Kato et at, 2003; Lee et at, 
2013; Lu et at, 2012; Ma et at, 2011; Mayo et at, 2008; Meij 
et at,2007; Mohan et at.2008; Pajoohesh-Ganjietal.,2012; 
Pal-Ghosh et at, 2011a; Pal-Ghosh etat, 2011b; Saika, 2007; 
Saika et at, 2013; Singh et at, 2006; Singh et at, 2009; Sta 
Iglesia et at, 2000; Sta Iglesia et at, 2000; Stepp et at, 2002; 
Stern et at, 1998; Terai et at, 2011; Vij et at, 2005; Yang 
et at, 2013; Yoshioka et at, 2010; Yuan et at, 2013 


3.4. Chickens 

Studies of the chick cornea not only have contributed to a better 
understanding of wound healing, it has also helped foster im¬ 
provements in the basic science of the extracellular matrix and 
development of new microscopic imaging technologies impacting 
many different realms of biomedical science. Elizabeth Hay began 
studying the chicken cornea because its organization allowed high 
resolution TEM imaging to be obtained (Bard and Hay, 1975; 
Dodson and Hay, 1974; Meier and Hay, 1974). The developing 
chick cornea is large and inexpensive to obtain. The ability to image 
the corneal epithelial basement membrane and collagen molecules 
in the chick corneal stroma lead directly to improved under¬ 
standing of collagen and glycosaminoglycan biosynthesis and ma¬ 
trix assembly and highlighted the importance of the basement 
membrane in development and pathology (Conrad, 1970; Conrad 
et al., 1977; Svoboda et al., 1988; Trelstad, 1973). The history of 
important studies using the chick cornea continues with recent 
studies to understand how innervation of the tissue by sensory 
nerves is regulated during development (Kubilus and Linsenmayer, 
2010a, b; Schwend et al., 2012). 

3.5. Rats 

In 1944, Friedenwald and Buschke examined cell proliferation 
and cell cycle progression in the epithelium of unwounded and 
debridement wounded rat corneas (Friedenwald and Buschke, 
1944). This is one of the first of thousands of studies published 
focusing on corneal wound healing. It showed that the rate of 
epithelial cell proliferation in the cornea was acutely sensitive to 
corneal injury. The study used the Sprague—Dawley rat strain that 
remains the most commonly used rat strain 69 years later. Ad¬ 
vantages of using rats include the size of the cornea (~5 mm 
diameter) which permits precise wound sizes and provides 
adequate tissue for biochemical and molecular analyses as well as 
data from studies already done. Also, inhalant anesthesia can be 
used reducing mortality rates and recovery times. 

Studies using rats from the 1970—1990’s gave important insight 
into the proteins and molecules that regulate corneal epithelial cell 
metabolism, adhesion, and migration (Anderson, 1977; Gipson and 
Kiorpes, 1982; Gipson et al., 1993; Murakami et al., 1992; Stepp 
et al., 1993; Zieske and Gipson, 1986). Models developed in the 
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rat to study the mechanisms leading to diabetic retinopathy and to 
test potential treatments have also been used to study corneal 
homeostasis and wound healing in diabetic rats (Azar et al., 1992; 
Friend et al., 1982; Xu and Yu, 2011). Although now there are 
several strains of rats that develop diabetes spontaneously due to 
genetic mutations (Li et al., 2007), the injection of Sprague—Dawley 
or Wistar rats with streptozotocin remains the most well-studied 
diabetic model in use (Inoguchi et al., 1992; Shimomura et al., 
1999). There has also been significant progress made in under¬ 
standing the role of opioid signaling in corneal wound healing 
using diabetic rats (Klocek et al., 2009; McLaughlin et al., 2010; 
Zagon et al., 2009). With streptozotocin treated rats, Kloecek and 
colleagues (Klocek et al., 2009) showed that the opioid antagonist 
naltrexone accelerated corneal reepithelialization after debride¬ 
ment wounding. Researchers are also studying Sprague—Dawley or 
Wistar rats placed on high-fat diets to better understand and 
improve treatments for obesity-induced pathologies (Qin et al., 
2004; Srinivasan et al., 2005; Thaler et al., 2012). 

3.6. Rabbits 

Rabbits have been used to study corneal wound healing for 
many decades and offer advantages for translational research. The 
rabbit cornea is similar in size to the human cornea; this allows 
clinicians to use the same instruments and methods of evaluation 
as used in patients. Rabbit models were critical in the studies that 
lead to the clinical use of PRK and LASIK procedures (Munnerlyn 
et al., 1988; Pallikaris et al„ 1990). The strain used most often is 
an albino one: New Zealand White. The rabbit cornea was found to 
respond similarly to the human cornea in terms of the timing, the 
extent of scarring, and myofibroblast formation (Helena et al., 1998; 
Imanishi etal., 2000; Mohan et al„ 2003; Netto etal., 2006; Wilson, 
2002). Experiments using cultured rabbit stromal cells confirmed 
in vivo data (Jester et al., 1995; Masur et al., 1996). Currently, the 
rabbit cornea is being used to study gene transfer procedures 
(Mohan et al., 2013). A recent study showed that gold nanoparticles 
coated with BMP7 can reduce corneal fibrosis in the rabbit (Tandon 
et al., 2013). Disadvantages of using rabbits include higher cost for 
purchase and maintenance than rats, restricted availability of 
polyclonal antibodies against various proteins of interest, and 
reduced availability of genetically diverse strains and transgenic 
animals. 

3.7. Domestic companion animals: dogs and cats 

Veterinary medicine has been on the forefront of developing 
better treatments for ocular surface defects. Boxers, a popular 
canine companion animal breed, are prone to developing sponta¬ 
neously occurring recurrent erosions that lead to pain and even¬ 
tually corneal scarring. Studies aimed at improving treatment 
options for dogs with corneal defects have been carried out at 
various different academic medical centers over the past 20 years 
(Acheampong et al., 1999; Bentley et al., 2001; Gosling et al., 2013; 
Morgan and Abrams, 1991; Murphy et al., 2001 ). At the same time, 
academic researchers have sought to determine the genetics un¬ 
derlying these conditions (Gosling et al., 2013). These studies have 
informed and improved treatments for humans. For example, dry 
eye disease was being treated with cyclosporine in dogs long before 
being used in people (Stern et al., 1998). 

Domestic cats do not suffer from recurrent erosions as 
frequently as dogs but have been studied to determine the best way 
to reduce corneal scarring after ocular herpes simplex virus (HSV) 
infections (Gould, 2011 ). HSV is a major cause of corneal scarring in 
human populations (Kaye and Choudhary, 2006) and studies done 
by veterinarians treating cats are likely to extend and improve 


treatment options available for humans. Currently antiviral medi¬ 
cations require long treatment times and are quite expensive. 
Additional research has focused on cat corneal endothelial cells 
(Huang et al., 1989; Petroll et al., 1999; Rotatori et al., 1994). Corneal 
scarring in response to corneal epithelial wound healing is also 
being studied in cats (Buhren et al., 2009; Huxlin et al., 2013). Cats, 
like rabbits, respond similarly to humans in terms of corneal scar¬ 
ring (Nagy et al., 2007). Disadvantages of using companion animals 
for corneal wound healing research include their large size, high 
cost, and their genetic heterogeneity. 

3.8. Mice 

The development of genetically engineered mice is the primary 
reason researchers began to utilize mouse models in the 1980’s and 
1990’s (Adams et al., 1985; Cramer et al., 2003; Hanahan, 1985; 
Rudnicki et al., 1993). Other factors that contributed to a shift 
from rats and rabbits to mice included improved biochemical 
methods requiring less tissue and negative publicity regarding the 
use of rabbits in cosmetic testing. Despite the present mouse¬ 
centric era, research on specific pathologies is still done in rab¬ 
bits, rats, dogs, and chickens. 

3.9. Strain 

An important concern for researchers beginning to study the 
cornea using mice is the choice of the mouse strain. Albino strains 
are optimal for imaging of whole flat mounts of the cornea because 
the cells from the iris, which stick to the outer surface of the cornea 
during dissection and processing, are not pigmented and do not 
interfere with imaging. Using pigmented strains reduces the risk of 
confusion caused by pigmented cells from the iris invading the 
cornea in response to incisional injuries. We found that the rate of 
re-epithelialization, frequency of recurrent erosions, and extent of 
pathology resulting from wounds made close to the limbus varied 
between two commonly used mouse strains: BALB/c and C57BL6 
(Pal-Ghosh et al., 2008). While we did not see any significant dif¬ 
ference in cell proliferation in BALB/c and C57BL6 mice during late 
stages of re-epithelialization, we did not investigate cell prolifera¬ 
tion after wounds had closed. It is likely that differences in the 
timing and extent of the increase in cell proliferation rates will be 
seen when experiments are performed at multiple time points and 
in several different strains after corneal wounding. Different strains 
of mice have corneas that scar more easily than others and these 
differences also should be taken into consideration when planning 
experiments. A study by Singh et al. (2013) showed that DBA/2J 
mice have more aSMA-positive myofibroblasts, cells whose pres¬ 
ence is associated with active corneal scarring, than BALB/c, 
C57BL6, or C3H mice after irregular phototherapeutic keratectomy 
with an excimer laser. In general, corneal scarring is less severe in 
mice compared to rats and rabbits. 

Colleagues from Jackson Labs recently genotyped over 1000 
strains of mice to determine which carried gene defects that induce 
blindness (Chang et al., 2013). They found that 204 strains carry 
founder mutations in one or more of three genes that lead to 
blindness: Pde6b, Crbl, and Gnat2. Unfortunately for those who 
study the retina, these include C57BL6/N, FVB, and C3H mouse 
strains. This issue has been a major source of frustration for those 
studying retinal development and function in mice. Most ES cell 
lines used from 1990 to 2000 were derived from FVB mice (Taketo 
et al., 1991); as a result, the majority of conditionally null and 
transgenic strains carry these mutations. 

The most popular mouse strain in use today is the C57BL6 
mouse; the N substrain and its derivatives, which is maintained at 
the NIH and marketed by Taconic and Charles River has mutations 
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in the Crbl lds gene that lead to blindness whereas the J substrain, 
maintained at the Jackson Labs, does not (Chang et al., 2013). 
Electroretinogram (ERG) testing can be performed to determine 
whether mice are blind due to retinal defects (Pardue et al., 1998; 
Peachey et al„ 1993). The ARVO Statement for the Use of Animals 
in Ophthalmic and Visual Research says that “visually disabling 
procedures should not be performed bilaterally.” To avoid engaging 
in debates over whether corneal injury impairs vision, most who 
conduct corneal wound healing experiments have used one eye per 
mouse. Yet, if corneal researchers use strains of mice congenitally 
blind due to retinal defects, ethical concerns related to performing 
bilateral corneal procedures are no longer valid reasons for using 
more animals than necessary to obtain statistically significant 
results. 

3.10. Reporter mice 

Mice expressing the reporter gene (f-galactosidase under the 
control of promoters for various different genes have been gener¬ 
ated (Soriano, 1999). These mice allow scientists to follow the 
expression of a given protein within tissues by staining for /3- 
galactosidase activity and/or the expression of the /J-galactosidase 
protein after wounding. When there is no reliable antibody for a 
specific protein these types of mice are useful. Much has been 
learned about the role of the Wnt pathway in epithelial cell dif¬ 
ferentiation using TOPGAL mice which express /3-galactosidase 
under the control of LEF-l/TCF promoter (DasGupta and Fuchs, 
1999). The expression of this transcription factor is turned on 
when /?-catenin is activated during Wnt mediated signal trans¬ 
duction. Another reporter mouse strain that has made significant 
contributions to epithelial and neuronal cell biology is the Gli-l lz 
reporter mouse which is used to study Hedgehog signaling 
pathway (Blaess et al., 2011). 

3.31. Null and transgenic mice 

Mice lacking expression of specific proteins (knock-out or null 
mice) and transgenic mice expressing novel or mutated forms of 
specific proteins in all of their tissues have been generated for 
numerous proteins of interest to those studying corneal wound 
healing. Transgenic and null mice may not develop, die at birth, or 
survive but have a poorly developed cornea. Other proteins may 
compensate completely or partially for the targeted protein 
masking its function. To get around these issues, tissue specific null 
and transgenic mice are generated (see below). Despite these ca¬ 
veats, complete null and transgenic mice have been very useful for 
corneal wound healing studies. To cite all studies done using these 
types of mice would be impossible; we cite here only those that the 
coauthors contributed (Blanco-Mezquita et al., 2011, 2013; Mayo 
et al., 2008; Sta Iglesia et al., 2000; Stepp et al., 2002). 

3.32. Tissue specific gene alterations in mice 

Tissue specific null and transgenic mice make use of promoters 
that can drive expression of proteins within specific tissues or cell 
types. For studies of corneal epithelial wound healing, the most 
commonly used promoter for tissue specific gene expression has 
been keratin 12 (Chikama et al., 2005; Kao et al., 1996). Keratins are 
epithelial intermediate filament proteins that function in pairs and 
are differentially expressed in various epithelial tissues throughout 
the body. The mature cornea of most mammals expresses the 
K3K12 pair; the mouse and rat genomes have a pseudogene for K3 
(Lu et al., 2006) making it necessary that K12 pair with another 
keratin (I<4 or K5) in these mammals. Because the conjunctiva and 
limbal epithelial cells do not express K12, they would be normal in 


the corneas of mice generated using K12 promoters. Since 
expression of K12 increases overtime after eyelid opening (Kao 
et al., 1996), phenotypes for mice generated using K12 promoters 
can take several weeks before being detected. These features have 
been exploited in numerous studies that have lead to a much 
deeper understanding of corneal structure and the functions of 
specific proteins (Chikama et al., 2008; Kao, 2006; Yuan et al., 
2013). 

The corneal, limbal, conjunctival, and epidermal epithelia ex¬ 
press several of the same keratins. All four epithelia express K5 and 
K14 and researchers in the field of skin biology have used these 
promoters to generate mice to study skin, hair development, and 
skin cancer. Unlike K12, K5 and K14 are expressed very early in 
epithelial differentiation. Because the corneal, limbal, and 
conjunctival epithelia all express these keratins, these tissues will 
be affected by K5- or K14-promoter driven alterations in protein 
expression. Researchers interested in corneal development and 
wound healing have used mice generated using K5 (Cascallana 
et al., 2005; Yoshioka et al„ 2010) and K14 (Lu et al„ 2012; Singh 
et al., 2009; Xie et al., 1999; Xu et al., 2007) specific promoters. 
To modify protein expression in the mouse corneal stroma, stromal 
cell specific promoters are used. Success has been achieved using 
keratocan and lumican as promoters to drive gene expression in the 
corneal stroma (Hayashi et al., 2005; Meij et al., 2007). 

3.33. Inducible tissue specific gene alterations in mice 

When the proteins encoded by genes essential to corneal 
development are eliminated or mutated early in corneal develop¬ 
ment, corneal and/or conjunctival epithelial tissues may fail to 
differentiate from the epidermis making it impossible to study the 
function of the protein in the cornea. To get around this problem, 
mouse genetic engineers developed inducible systems to tempo¬ 
rally regulate gene deletions and/or transgenic gene expression. 
These types of models allow specific proteins to be deleted or 
expressed at critical times during corneal development or in the 
adult cornea after a normal cornea has developed. A thorough 
description of the different types of genetically engineered mice 
available today is beyond the scope of this review but can be found 
on line from Jackson Laboratories at http://research.jax.org/ 
mousegenetics/index.html and from The National Cancer In¬ 
stitute’s Frederick Mouse Repository at http://mouse.ncifcrf.gov/. At 
present, only a few studies have been published on corneal devel¬ 
opment using inducible tissue specific genetically engineered mice 
(Kao, 2006; Ouyang et al., 2006). These types of studies will no 
doubt begin to be more common; they can elegantly address 
questions of when and where a protein is functioning in corneal 
homeostasis and in wound healing. 

Differences in mouse strain also impact results obtained from 
corneal wound healing studies using null, transgenic, tissue- 
specific, and/or inducible mice. When possible, mice should be 
backcrossed 7-10 generations onto a pure (C57BL6, BALB/c, FVB, 
C3H) strain and then results from null mice compared to those from 
wild-type mice from the parental strain. For tissue specific and 
inducible engineered mice this is not an option; litter-mate controls 
determined through careful genotyping must be utilized. Because 
these types of mice are generated using mice on mixed genetic 
backgrounds, increased variability from mouse to mouse should be 
expected compared to studies done using pure strains. 

While there are many advantages in the use of genetically 
engineered mice for corneal wound healing studies, there are also 
some disadvantages. The most significant drawbacks are time and 
costs required to breed the mice. Time and money have to be 
invested knowing that there might be no phenotype in the corneas 
of these mice. When performing biochemical studies of protein 
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expression, the small size of the mouse cornea requires more ani¬ 
mals per experiment compared to similar experiments done using 
rats. The need to use injectable anesthesia means that there is al¬ 
ways a risk of lethal overdose. Variability in wound responses be¬ 
tween different mouse strains complicates our ability to compare 
data between groups using different strains. Finally, no animal, 
including the mouse, reproduces with 100% accuracy the events 
that take place in the human cornea after wounding. 

4. Summary 

The data from corneal wound healing studies will help us un¬ 
derstand how the cornea responds to injury. Each wound healing 
technique described can be used to address a number of different 
experimental questions but some methods are more appropriate 
for looking at, for example, cell proliferation rather than cell 
migration or scarring. Table 1 lists the different types of mechanical 
wounds discussed in this review and the most appropriate exper¬ 
imental analyses that should be done with each wound type; 
Tables 2 and 3 summarize some of the many different types of 
corneal studies done over the years using various different animal 
models. This review provides insight into the rationale involved in 
deciding to use a specific animal model to ask precise research 
questions related to corneal wound healing. Our hope is to enhance 
progression of results obtained studying corneal wound healing 
into the clinic where patients suffering from corneal and other 
surface defects can be treated successfully. 
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